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Abstract

The San Joaquin kit fox (Vulpes macrotis mutica) was once ubiquitous throughout California’s San Joaquin
Valley and its surrounds. However, most of its habitat has been lost to irrigated agriculture, urban
development, and oil fields. The remaining foxes are concentrated in six areas, although there are several
small pockets of foxes throughout the Valley. To help conserve kit foxes, we sought an ecological
understanding of the level of genetic variation remaining in these locations and the extent of gene flow
among them. We collected tissue from 317 kit foxes from 8 sites and estimated genetic variability in and
gene flow among sites using data from 8 polymorphic, microsatellite markers. We found no differences in
both observed and expected heterozygosity between locations using Bonferonni corrected paired t-tests. We
found differences in mean number of alleles per locus, even after we used Monte Carlo simulations to adjust
for sample size differences. Population subdivision was low among sites (Fst ¼ 0.043), yet a matrix of
pairwise Fst values was correlated with a matrix of pairwise geographic distances. An assignment test
classified only 45% of the individuals to the site where they were captured. Overall, these data suggest that
kit fox dispersal between locations may still maintain genetic variation throughout most of the areas we
sampled.

Introduction

The San Joaquin kit fox (Vulpes macrotis mutica)
was once ubiquitous throughout California’s San
Joaquin Valley and its surrounding lands. How-
ever, most of its habitat has been converted from
valley and foothill grassland, arid shrub, and oak
savanna to irrigated agriculture, urban develop-
ment, and oil fields. More than 50% of suitable kit
fox habitat has been lost since Grinnell et al.
(1937) first described the historical range (US Fish
and Wildlife Service 1998). Kit foxes currently

exist in suitable habitat in the San Joaquin Valley,
side valleys, and surrounding foothills of the
coastal ranges; the Sierra Nevada; and the Teh-
achapi Mountains. The highest densities of foxes
exist in the southern portion of their range (US
Fish and Wildlife Service 1998). In part because of
this major habitat reduction, the kit fox was one of
the first sub-species to be designated as ‘‘Endan-
gered’’ by the US Department of Interior (US Fish
and Wildlife Service 1967).

The remaining habitat for San Joaquin kit
foxes consists of patches varying in size, quality,
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and connectivity. Consequently, current kit fox
distribution exhibits considerable heterogeneity
with regard to presence and abundance. In some
locations, kit foxes are relatively abundant and are
continuously present. In other locations, kit foxes
are less abundant and their presence may be
intermittent.

Although several of the larger populations of
San Joaquin kit foxes have been well studied (e.g.,
Ralls and White 1995; Cypher and Frost 1999;
Cypher et al. 2000) little information exists con-
cerning between-population dynamics. Koopman
et al. (2000) reported that 0–79% of juvenile males
(mean ¼ 40.2%) and 0–50% of juvenile females
(mean ¼ 18.4%) dispersed from the Naval Petro-
leum Reserves in California (NPRC), depending
on the year. Most of these dispersers died in less
than 10 days. Scrivner et al. (1987) found no sig-
nificant difference in the distance moved by male
and female dispersers from NPRC; dispersers
moved a median of 4.5 km and a mean of 8 km
from their natal home ranges (Scrivner et al.
1987). However, some dispersers traveled long
distances and one individual from NPRC moved
greater than 120 km (Scrivner et al. 1987).

Historically, kit fox populations may have
acted like a classic metapopulation, with some
local extinction caused by wide annual fluctua-
tions in food resources and hence fox repro-
ductive success (White et al. 1996; Cypher et al.
2000) and occasional recolonization of less
optimal habitat by dispersers in good years.
However, it is unclear whether recolonization is
still possible given the extensive habitat loss and
degradation in the San Joaquin Valley, and the
establishment of non-native red foxes (Vulpes
vulpes) in some areas of historical kit fox range
(US Fish and Wildlife Service 1998; Cypher
et al. 2000). Therefore, we thought it is impor-
tant to identify isolated and partially isolated
populations, because small, isolated populations
are often subject to both demographic and ge-
netic stochasticity that increases the probability
of population extinction (Berger 1990; Newman
and Pilson 1997; Saccheri et al. 1998). If isolated
populations are identified, the negative effects of
isolation can be mitigated by managing popula-
tions to ensure low levels of connectivity (Brown
and Kordrik-Brown 1977; Allendorf and Phelps
1981; Mills and Allendorf 1996; Tallmon et al.
2004).

Migration rates among wild populations can
be estimated by quantifying genetic differentia-
tion between populations, which at equilibrium
under neutral models is the balance between
migration and genetic drift (Wright 1969; Slatkin
1985). Unfortunately, migration rates calculated
by these methods may be more reflective of
historical migration than current migration
(Whitlock and McCauley 1999), even when
based on highly variable DNA markers such as
microsatellites. Several authors have suggested
ways to separate historical versus current gene
flow (Slatkin 1995; O’Ryan et al. 1998). We use
these approaches, plus combined field and labo-
ratory data to make inferences about current
versus historical gene flow of kit fox in the San
Joaquin Valley. We also use gene flow measures
to test if there is a sex bias in dispersal between
female and male San Joaquin kit foxes (Stow
et al. 2001; Goudet et al. 2002). We then inter-
pret these gene flow patterns in light of the San
Joaquin kit fox’s natural history and ecology,
and the profound habitat alteration in the San
Joaquin Valley.

Methods

Samples and populations

We collected San Joaquin kit fox tissue samples
(e.g., tissue or blood collected from animals trap-
ped for radiotelemetry studies) from six areas
considered to contain important kit fox popula-
tions (US Fish and Wildlife Service 1998): (1) the
Carrizo Plain National Monument, San Luis
Obispo Co., (35�18¢ N, 119�52¢ W), (2) the Naval
Petroleum Reserves in California located in wes-
tern Kern Co. (35�8¢ N, 119�27¢ W), (3) Bakersfield
(35�22¢ N, 119�01¢ W), (4) the Panoche-Ciervo
Natural Area in western Fresno-eastern San Be-
nito counties (36�36¢ N, 120�50¢ W), (5) Camp
Roberts (35�52¢ N, 120�48¢ W), and (6) Lokern
Natural Area (35�24¢ N, 119�33¢ W). We also
collected samples in two small populations occur-
ring at Lost Hills (35�37¢ N, 119�42¢ W) and Los
Baños (37�18¢ N, 120�29¢ W; Figure 1). In Bak-
ersfield and NPRC we were able to obtain two
samples temporally separated (nNPRC ¼ 46 and 70;
nBakersfield ¼ 8 and 87; sample sizes from other
populations are reported in Table 1).
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Microsatellite DNA

We isolated DNA from kit fox tissue samples
with QIAamp’s DNA minikit using standard
protocols (QIAGEN, Germany). Twenty-four
microsatellite primer sequences, initially devel-
oped for domestic dogs and foxes were screened
to find eight unambiguous (i.e., little stutter and
distinct peaks when analyzed), polymorphic DNA
markers: CXX30, CXX172, CXX173, CXX263,
CXX403 (Ostrander et al. 1993), CPH3 (Fred-

holm and Wintero 1995), and F2054 and F2140
(Francisco et al. 1996). All markers were dinu-
cleotide repeats, except F2054 and F2140 that
were tetranucleotide repeats. We amplified DNA
using these eight primers and the polymerase
chain reaction (PCR) using the published condi-
tions. Subsequent products were electrophoresed
on 8% polyacrylamide gels using an Applied
Biosystems 373 Automated Sequencer. Microsat-
ellite allele sizes were estimated by comparing the
allele to an internal lane size standard.

Figure 1. Map of California’s Central Valley and surrounding lands. Locations are noted by four letter codes defined in Table 2.

Table 1. Genetic Diversity Statistics. N is the sample size for each location, Aobs is the mean number of alleles per locus,He is the mean
expected heterozygosity, and Ho is observed heterozygosity. SE is one standard error from the mean. Astan is the average number of
alleles per locus standardized by the Monte Carlo analysis. The critical values for the lower and upper 2.5 percentile are derived from
10,000 simulations of draws corresponding to the sample size of each location (see text). Critlow is the critical value for the lower 2.5%
of the distribution and Crithigh is the critical value for the upper 2.5% of the distribution

Location Code N Aobs (SE) He (SE) Ho(SE) Astan Critlow Crithigh

Los Baños LOSB 4 2.13 (0.99) 0.38 (0.21) 0.28 (0.10) 2.65 2.25 3.13

Lost Hills HILL 6 2.00 (0.53) 0.42 (0.16) 0.50 (0.09) 2.99 2.52 3.61

Camp Roberts CROB 15 2.88 (1.55) 0.45 (0.18) 0.40 (0.11) 3.62 3.25 4.00

Panoche PAN 21 3.13 (1.13) 0.47 (0.17) 0.32 (0.08) 3.80 3.38 4.13

Lokern N.A. LOKE 25 3.63 (1.69) 0.51 (0.15) 0.39 (0.07) 3.88 3.50 4.30

Carrizo Plain CARR 35 3.88 (1.88) 0.46 (0.16) 0.46 (0.08) 4.03 3.63 4.25

Bakersfield BAKE 95 3.25 (1.49) 0.41 (0.15) 0.36 (0.06) 4.30 4.13 4.50

Naval Petr. Res. NPRC 116 4.63 (2.00) 0.50 (0.17) 0.40 (0.07) 4.38 4.13 4.50
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Statistical analysis

The 317 kit foxes sampled in this study were col-
lected over multiple, consecutive years and from
multiple age classes. Kit foxes can live to 9-years-
old, although few foxes live beyond 5 years
(Spiegel 1996; White and Garrott 1999). In two of
our locations, Bakersfield and NPRC, we had
temporally separated samples, 9 and 8 years apart,
respectively. We tested whether there was temporal
stability of allele frequencies at the same collection
sites by comparing allele frequencies from each
time period for each location separately. If signif-
icant differences were observed between time
periods then our ability to separate temporal ver-
sus spatial isolation could be confounded. How-
ever, if no differences were observed between time
periods, then we have evidence for temporal sta-
bility in gene frequencies and are more confident
that our results were the product of spatial sepa-
ration between locations. Lugon-Moulin et al.
(1999) recommended testing for differences in al-
lele frequencies across time by using the G-test
detailed in Goudet et al. (1996). We also calcu-
lated Fst between time periods in both the
Bakersfield and the Naval Petroleum Reserve
locations to test for temporal stability.

Mean number of alleles per locus (Aobs), ob-
served (Ho) and expected (He) heterozygosity were
computed and tests for deviations from Hardy–
Weinberg (HW) proportions were conducted using
program Genepop (Version 3.1d; Raymond and
Rousset 1995). Genepop uses the Markov chain
method of Guo and Thompson (1992) to calculate
unbiased estimates of Fisher’s exact test to exam-
ine the hypothesis of heterozygote excess and
deficiency in the sample. Tests were also performed
across all loci and locations (64 tests in total). We
used a sequential Bonferroni test to reduce type I
errors associated with multiple tests (Rice 1989).
Subsequently, we compared allele frequency dif-
ferences between locations using an unbiased
estimate of the log-likelihood G-statistic (Goudet
et al. 1996; pooled across loci using Fisher’s pro-
cedure for combining probabilities; Fisher 1954).

Genetic variation was compared among loca-
tions several ways. Paired t-tests of arcsine-trans-
formed Ho and He were conducted to detect
differences in heterozygosity among the eight fox
locations (Archie 1985; Paetkau et al. 1998) and
the results were adjusted using sequential Bonfer-

roni tests (Rice 1989). We also conducted one-way
ANOVA with location as the factor and alleles per
locus as the dependent variable to test for differ-
ences in allele frequencies between all locations.
Because sample sizes differed dramatically between
locations, we scaled allelic diversity by sample size
using Monte Carlo simulations before comparing
among locations (similar to the multiple random
reductions of N approach described in Leberg
2002).

We accomplished this by writing a computer
program in Turbo Pascal that randomly drew 2
alleles at a single locus from the NPRC allele fre-
quency distribution; we used the NPRC gene pool
as the baseline because NPRC was one of the
larger San Joaquin kit fox populations (Cypher
et al. 2000) and a population for which we had a
large sample size. We repeated this process 10,000
times for draws of 2 alleles. Subsequently, we re-
peated this process for draws of size 3–232 at this
same locus (232 was the total number of alleles in
the NPRC population) and plotted the number of
alleles drawn versus sample size. This was repeated
for all loci. We used these plots to visually
understand the sensitivity of our allelic diversity
measures to sample size.

Next, for each of the 8 kit fox populations,
independently, we determined the number of al-
leles actually sampled (2 times the sample size, in
most cases), and drew the same number of alleles
sampled from the NPRC distribution with
replacement, for each locus, 10,000 times. We then
computed 10,000 mean standardized number of
alleles per locus (Astan) and ordered them from
highest to lowest. The upper and lower 2.5% (5%
total) of the Astan distribution were used as critical
values for testing for a difference between Astan

and Aobs. For example, at the Carrizo Plain we
sampled 70 alleles (35 foxes), thus we used the
Monte Carlo simulation to draw 70 alleles with
replacement, 10,000 times, from the NPRC pop-
ulation, at each locus. We calculated Astan for each
of the 10,000 simulations and ordered them in
descending numerical order. Finally, we compared
Aobs to this distribution and considered it to be
significantly different if Aobs was in the 2.5% re-
gion of either tail of the distribution. In the case of
the Carrizo Plain, Aobs was not in the tail of the
Astan distribution.

We used several different statistics to investi-
gate population subdivision and migration: Fst,

28



Rst, assignment tests, and maximum likelihood
(ML) methods based on coalescent theory. We
used Fstat 2.9.1 (Goudet 1995, 2000) to calculate
Weir and Cockerham’s (1984) estimate of Fst, from
which we estimated the per-generation number of
migrants moving between all populations [Fst @ 1/
(4Nma + 1)], where, a ¼ (n/n ) 1)2 and n is the
number of demes (Mills and Allendorf 1996).
Subsequently, we used only our six largest popu-
lations (i.e., removing Lost Hills and Los Baños)
to ensure our results were robust. We calculated
Rst because it has been suggested that comparing
Rst and Fst can provide further information about
current versus historical migration (Slatkin 1995).
We used the assignment test to also look at sub-
structure (Paetkau et al. 1995; Davies et al. 1999);
the assignment test calculates the likelihood of
drawing an individual’s particular genotype from a
gene pool with a given set of allele frequencies. We
used the Bayesian-based assignment test of
Cornuet et al. (1999) because it performs well over
a wide range of Fst values and is relatively insen-
sitive to the number of loci used (Cornuet et al.
1999). We used the assignment test to assign
individuals in the six major fox populations to a
population of origin, and subsequently assigned
the four foxes from Los Baños and six foxes from
Lost Hills to one of the six major populations.

In addition, we estimated gene flow using a ML
approach based on coalescent theory (Beerli and
Felsenstein 2001) because this approach does not
assume equal population sizes and symmetrical
gene flow like Fst (although it still assumes an
equilibrium between drift and migration). The
default settings in program Migrate were used
except we employed the ‘‘heating option’’ to min-
imize becoming trapped on a local optimum. After
estimating gene flow we used a geographic infor-
mation system (ArcInfo 7.1.2, ESRI 1997) to cal-
culate pairwise geographic distances between the
six large populations (i.e., removing Lost Hills and
Los Baños) and compared geographic distance to
pairwise genetic distances with a Mantel’s test
(Mantel 1967).

Finally, we were interested in determining if
San Joaquin kit foxes followed typical mammalian
patterns of sex biased dispersal; thus we compared
differences in Fst and the variance in the ‘‘assign-
ment index’’ (vAIc ) between males and females to
test for a sex bias in dispersal (Goudet et al. 2002).
For testing sex biased dispersal, Goudet et al.

(2002) recommend using vAIc when dispersal is
very low (less than 10% of each population dis-
persing) and Fst if this is unknown. We present
both estimates.

Results

HW Proportions

We found evidence for the temporal stability of
allele frequencies between years in both NPRC
and Bakersfield. The Fst value between the 1989
Bakersfield sample and the 1999 Bakersfield sam-
ple was 0.038 (95% CI: 0.004–0.075), and the
G-test was only significantly different for 1 of 8 loci
(F 2054; P ¼ 0.043). The Fst value between the
NPRC samples yielded an Fst ¼ 0.005 (95% CI:
)0.001–0.013), and again only 1 of 8 loci (F2140)
was significantly different (P ¼ 0.013).

HW proportion tests signified that not all loci
were in HW proportions. Global tests revealed a
heterozygote deficiency (P ¼ 0.001) and showed
no sign of heterozygote excess (P ¼ 1.0). Testing
each location separately produced a significant
heterozygote deficiency in Bakersfield, Lokern,
NPRC, and Panoche (Table 2). Individual tests
for each locus and location revealed significant
deviations from HW proportions for markers:
CPH3 (in five of eight locations; Bakersfield,
Camp Roberts, NPRC, Lokern, and Panoche),
CXX403 (in three of eight locations; Bakersfield,
NPRC, Panoche), CXX30 (in one of eight loca-
tions; Lokern), and CXX263 (in one of eight
locations, Bakersfield) after the Bonferroni
adjustment.

Some of the loci we used were not in HW
proportions because of a heterozygote deficit,
which can be produced by pooling across age
classes, the presence of null alleles, selection
against heterozygotes, sampling parent-offspring
pairs or Wahlund effects. Each location consisted
of foxes from many age classes. In many cases, the
individuals sampled were known to belong to
several cohorts, which has been shown to produce
heterozygote deficits in other studies (e.g.,
Allegrucci et al. 1997). However, we found tem-
poral stability in allele frequencies suggesting that
we can pool across samples collected in different
years. A more likely explanation of our heterozy-
gote deficit is either the presence of null alleles or
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the presence of closely related individuals such as
parents and offspring in our samples (e.g., Ralls
et al. 2001).

Genetic variation

Lokern had the highest expected heterozygosity
(He ¼ 0.51, SE ¼ 0.15) and Los Baños had the
lowest expected heterozygosity (He ¼ 0.38,
SE ¼ 0.21; Table 1). Mean number of alleles per
locus was highest in the NPRC (4.63; Table 1) and
lowest in the Lost Hills and Los Baños locations
(2.00 and 2.13, respectively). Bonferonni corrected
paired t-tests showed no differences in either

observed or expected heterozygosity between
locations. One-way ANOVA with location as a
factor and alleles per locus as the dependent vari-
able was significant (F7,56 ¼ 2.85, P ¼ 0.013,
Table 1) and the Bonferroni post hoc test showed
significant differences between the number of al-
leles per locus found in the NPRC and Lost Hills,
and between the NPRC and Los Baños; however,
this test does not correct for sample size. Alter-
natively, a global G test for differences in allele
frequencies between locations was significant, with
the follow-up pairwise tests showing differences in
allele frequencies between all locations except for
Lokern and the NPRC (P ¼ 0.46).

Table 2. Fis values at 8 loci in 8 locations of kit fox. NA indicates that this locus was monomorphic. Values in bold indicate a
significant (P < 0.05) deviation from Hardy–Weinberg proportions after Bonferroni corrections. Location codes are listed in Table 2

LOSB HILL CROB PANO LOKE CARR BAKE NPRC Sum

CPH3 )0.286 )0.429 0.587 0.748 0.347 0.088 0.033 0.271 0.050

CXX30 NA )0.250 )0.260 0.236 0.867 )0.065 0.087 0.282 0.039

CXX172 0.000 )0.429 0.352 0.333 0.280 0.075 )0.133 0.102 0.038

CXX173 NA )0.111 0.000 0.077 0.085 0.114 )0.145 0.153 0.026

CXX263 NA 0.412 NA 0.000 )0.120 )0.031 0.470 0.254 0.042

CXX403 0.294 NA 0.431 0.583 0.370 0.179 0.505 0.369 )0.003
F2054 0.625 )0.333 )0.016 0.034 0.084 )0.262 0.102 0.036 0.120

F2140 0.368 )0.250 )0.343 0.172 0.141 0.019 0.042 0.114 0.089

Sum 0.250 )0.190 0.125 0.316 0.248 0.012 0.128 0.186
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Figure 2. Observed (Aobs; squares) and standardized (Astan; diamonds) number of alleles per locus for each kit fox location. The error
bars are the 95% of the predicted distribution.
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The results of the Monte Carlo simulations
demonstrated that the distribution of standardized
mean number of alleles per locus (Astan) values was
higher than the observed mean number of alleles
per locus in the Los Baños, Lost Hills, Camp
Roberts, Panoche, and Bakersfield locations
(Figure 2, Table 1). The variance around the ob-
served mean number of alleles per locus (reported
in Table 1) was not used because this variance is
associated with the difference between loci. These
results suggest that low observed mean number of
alleles per locus in several locations is not only
reflective of the small sample size in these popu-
lations, but may be the consequence of small
population sizes leading to inbreeding effects
(Figure 2). In Figure 2 we show the results of
drawing 232 alleles (the number of alleles sampled

in NPRC) from the NPRC location, which indi-
cates that Astan can be biased low, suggesting this is
a conservative measure.

Population subdivision

Fst among all locations was 0.043 (95% CI ¼ 0.02–
0.064) and Rst was 0.041. Assuming an island
model of migration, Fst ¼ 0.043 was equivalent to
approximately four migrants entering each loca-
tion each generation. Using only the six locations
with the largest sample sizes (removing Los Baños
and Lost Hills), Fst was 0.036 (SE ¼ 0.011) and Rst

was 0.019. Pairwise estimates of migration were
highest between Lokern and NPRC, and between
Carrizo and Bakersfield (Table 3). The association
between geographic distance and genetic distance

Table 3. Subdivision estimates and assignment test results. Locations codes are the same as in Table 1. Numbers below the diagonal
are pairwise Fst estimates. Numbers above the diagonal are Nm values calculated from Fst estimates using equation 3 in Mills and
Allendorf (1996). The numbers in parentheses are the assignment test probabilities, with the first column representing the location to
which the kit fox was assigned. Each column header (in the first row) is the location from which the kit fox was captured. Each value is
the proportion of times kit fox were ‘‘assigned’’ to the respective location

BAKE CROB CARR LOKE NPRC PANO

BAKE – (0.59) 1.8 (0.12) 23.7 (0.12) 8.5 (0.07) 7.5 (0.03) 1.6 (0.06)

CROB 0.096 (0.20) – (0.60) 1.8 (0.00) 2.8 (0.00) 3.8 (0.13) 3.5 (0.07)

CARR 0.008 (0.20) 0.094 (0.06) – (0.60) 6.2 (0.03) 6.9 (0.11) 1.8 (0.00)

LOKE 0.022 (0.28) 0.064 (0.04) 0.030 (0.04) – (0.32) NA (0.28) 4.2 (0.04)

NPRC 0.025 (0.14) 0.047 (0.15) 0.027 (0.10) 0.000 (0.22) – (0.28) 4.5 (0.11)

PANO 0.107 (0.05) 0.052 (0.19) 0.095 (0.00) 0.044 (0.05) 0.041 (0.14) – (0.57)

0
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0 50 100 150 200 250
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Figure 3. Geographic distance (measured in Kilometers) plotted against Fst. The Mantel test correlating these variables was significant.
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(Fst) was significant (Mantel’s test; z ¼ 219.48,
P ¼ 0.02; Figure 3).

Using the GeneClass assignment test, 45.0% of
the individuals assigned to the location from which
they were sampled (Table 3). Individuals had a
higher likelihood of assigning to the location from
which theywere sampled than to any other location.
However, individuals from the NPRC and Lokern
only assigned to the NPRC and Lokern 28% and
32% of the time, respectively (Table 3). Because of
small sample sizes we did not include the samples
from The Lost Hills or the Los Baños in our initial
assignment analyses. However, when we used the
assignment test to classify Lost Hills’ foxes to a
location (other than Lost Hills) five classified with
the NPRC and one classified with Panoche. We re-
peated this test, but allowed Lost Hills individuals
to be ‘‘self-assigned’’ and found all six individuals
assigning to Lost Hills. Repeating these analyses
with the Los Baños samples, when self-assignment
was not permitted, two of the foxes assigned to the
Carrizo and two assigned to Panoche; allowing self-
assignment, two foxes assigned to Los Baños, one
assigned to the Carrizo, and one classified to Pan-
oche.

The results from the ML approach based on
coalescent theory suggested lower levels of
migration than the Fst results, yet still showed a
relatively high amount of movement between
samples (Table 4). Only three pairs of locations
produced estimates of more than 1 migrant
moving between locations each generation: Bak-
ersfield and NPRC, Bakersfield and Camp
Roberts, and Bakersfield and the Carrizo Plain.
In all these cases migration was strongest from
Bakersfield to the other location. The matrix of
exchange of migrants between locations (sum-

ming the number of migrants leaving and
entering each location pair) and geographic dis-
tance was only marginally significant and nega-
tively sloped as expected (Mantel’s test,
z ¼ 2015.28, P ¼ 0.09).

Fst was higher in females (Fst ¼ 0.051; SE
¼ 0.025) than in males (Fst ¼ 0.037; SE ¼ 0.008),
but this result was not statistically significant
(P ¼ 0.12). The vAIc test also suggests that there is
little difference between rates of female and male
dispersal (P ¼ 0.52).

Discussion

Genetic variation

Heterozygosity was similar across all San Joaquin
kit fox locations. However, in two of the smaller
sites, Lost Hills and Los Baños, there was a lower
mean number of alleles per locus than in other kit
fox locations. At first glance these results appear to
contradict each other; however, Lost Hills and Los
Baños had small samples sizes, which impacts
allelic diversity more than heterozygosity. We only
captured six foxes at Lost Hills despite intensive
trapping efforts and only four at Los Baños; this
was quite likely a census of these populations. We
adjusted for sample size with Monte Carlo simu-
lations and found lower levels of allelic diversity in
Lost Hills and Los Baños, as well as lower allelic
diversity in Camp Roberts, Panoche, and Bakers-
field. This suggests that the NPRC (our base
location from which we resampled) may have had
an abnormally high level of genetic variation, was
an admixture from several other unknown kit fox
populations from surrounding areas, or several of

Table 4. Migration estimates (Nm) from a coalescent based ML approach (using program MIGRATE). Locations codes are the same
as in Table 1. Numbers below the diagonal are the migration from population listed in the first column to the population listed in the
first row. Numbers above the diagonal are migration from the population listed in the first row to the population listed in the first
column

BAKE CROB CARR LOKE NPRC PANO

BAKE – 0.03 0.15 0.27 0.78 0.06

CROB 1.15 – 0.24 0.42 0.60 0.18

CARR 1.08 0.00 – 0.50 0.54 .014

LOKE 0.51 0.05 0.25 – .049 .015

NPRC 1.46 0.23 0.41 0.20 – .021

PANO 0.81 0.02 0.30 0.02 0.45 –
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our sampled locations show evidence of inbreeding
effects (Figure 3).

Kit fox populations are subject to marked
population size fluctuations resulting from the
high variation in annual rainfall in their desert
environment and the concomitant effects on kit
fox prey (White and Garrott 1999; Cypher et al.
2000). Particularly during multi-year periods of
drought, kit fox abundance can decline to very low
levels and local extinctions may occur. Even rela-
tively large kit fox populations experience such
episodic declines (Cypher et al. 2000). This pattern
of dynamics results in kit fox populations being
vulnerable to genetic bottleneck effects, as well as
founder effects, in the case of local extinctions
followed by colonization events.

The Lost Hills kit fox are located along an
aqueduct that runs through farmland and is geo-
graphically more isolated than other kit fox pop-
ulations. Seven of eight loci showed a negative Fis

(and locus CXX403 was fixed) at the Lost Hills.
Very small populations can produce temporary
heterozygote excess due to slight differences in the
male and female gene pools (Robertson 1965;
Luikart and Cornuet 1999) explaining our Lost
Hills result. On the other hand, three loci at Los
Baños were fixed (CXX263, CXX173, and CXX30)
and four of the remaining five loci produced a
positive Fis, suggestive of inbreeding effects. Since
the time of sampling the Los Baños group of foxes
has disappeared. Los Baños may have been an
ephemeral fox population composed of one or two
family groups with high levels of inbreeding.

The Camp Roberts and Panoche populations
also are relatively small and isolated. Based on a
lack of historical occurrences, kit fox abundance in
the Camp Roberts region may have always been
relatively low, and it is possible that the presence
of foxes at Camp Roberts may represent a rela-
tively recent colonization event (Balestreri 1981).
Similarly, the Panoche population occurs in a
small, relatively isolated valley. Low allelic diver-
sity in both of these locations could reflect founder
events and a low rate of genetic exchange with
other locations.

The Bakersfield population differs from the
other locations in that kit fox numbers may not be
subject to the marked fluctuations observed in
other populations (B. Cypher, unpublished data).
This is a function of consistently high food avail-
ability attributable to anthropogenic influences

resulting in an abundance of natural and non-
natural foods (e.g., trash, pet food, handouts).
However, the history of this unusual population is
unclear. Although currently relatively large in size,
it is plausible that this population was founded by
a small number of colonizers resulting in the low
observed allelic diversity relative to expected
values, as found with urban red fox populations
(Wandeler et al. 2003).

Gene flow

Kit fox populations have been described as meta-
populations, with both large well-connected and
small semi-isolated populations exchanging indi-
viduals (US Fish and Wildlife Service 1998;
Cypher et al. 2000). Small kit fox populations
likely face higher extinction probabilities as prey
diminishes, but may be recolonized by foxes dis-
persing from larger populations (White et al. 1996;
Cypher et al. 2000). Evidence for this metapopu-
lation model has been poor, with only a few
studies documenting interpopulation exchange of
individuals, and no study showing reproduction by
a migrant (Scrivner et al. 1987; Koopman et al.
2000). Our genetic results are consistent with foxes
moving between locations and breeding in non-
natal populations. In fact, global Fst, Rst, and our
ML approach based on coalescent theory suggest
minimal subdivision among San Joaquin kit fox
populations. The ML estimates of gene flow were
lower than Fst estimates, although it should be
noted that ML approaches for estimating migra-
tion rates have recently been criticized (Abdo et al.
2004). Existing subdivision can be explained by
geographical distance between populations (i.e.,
Wright’s isolation by distance model; Wright 1943;
Figure 3). This is consistent with mtDNA findings
in kit and swift fox on a larger scale (Maldonado
et al. 1997, Mercure et al. 1993).

We converted our Fst estimates into migration
estimates. While there has been some criticism
towards using this approach to produce exact
estimates of migration, it still produces relative
estimates of migration that can be classified as
high, moderate, and low (Steinberg and Jordan
1997; Whitlock and McCauley 1999; Hedrick
1999; Mills et al. 2003). We classify migration as
high if Nm > 10 (Vucetich and Waite 2000), low if
Nm < 1 (Mills and Allendorf 1996), and moder-
ate if Nm is between 1 and 10. Our results showed

33



no cases of low gene flow between our six largest
locations (excluding Lost Hills and Los Baños
because of small sample sizes); high gene flow was
observed between the NPRC and Lokern, and
Bakersfield and the Carrizo Plain.

These gene flow results were corroborated by
assignment test results. Only 45% of kit fox were
assigned to the location from which they were
sampled, suggesting relatively high gene flow.
Cornuet et al. (1999; Figure 6) found the number
of loci used to have relatively little impact on the
performance of their assignment test. Further-
more, other studies with less overall genetic vari-
ation and equal numbers of microsatellites have
shown much higher assignment rates, leading us to
attribute our low assignment rates to high gene
flow (Manel et al. 2002).

The estimate of male gene flow was higher than
that of female gene flow, although the differences
were not significant. One concern is that the power
of the test was diminished because we sampled
both individuals that dispersed and their offspring.
Dispersers that breed in their non-natal popula-
tion transmit genes to both sexes in the next gen-
eration, masking any differences of sex bias in
dispersal (Goudet et al. 2002). The vAIc test be-
tween males and females was not significant, but
was likely not the most powerful test considering
vAIc performs best when gene flow is low, but is
outperformed by Fst when gene flow is high or
unknown (Goudet et al. 2002). Overall, there is
some evidence from our genetic work that kit fox
dispersal may be male-biased as in many polygy-
nous mammals, although monogamous species
such as foxes often show little or no sex differences
in dispersal (Greenwood 1980). This would be
consistent with the demographic data where over a
14-year time horizon a higher proportion of males
dispersed from the NPRC (Koopman et al. 2000).

Current versus historical gene flow

By comparing the mean values ofRst and Fst we can
make some assertions to the historical level of gene
flow. Rst is expected to be larger than Fst when
populations have evolved independently (e.g., low
historical Nm between populations). On the other
hand,when the values betweenRst andFst are nearly
equal, Nm has been historically large between
populations and drift has been the predominant
factor in creating differences between populations,

not mutation (Slatkin 1995; O’Ryan et al. 1998). In
this study,Rst was lower than Fst suggesting that (1)
drift has been more important than mutation his-
torically, and (2)Nm has been large. Thus, our data
support the idea that historically there has been high
gene flow among San Joaquin kit fox populations,
not a series of independent populations that have
only recently fused. Interestingly, distance showed
greater impact on the Fst index of gene flow than the
ML approach based on coalescence estimate. Coa-
lescent approaches, by definition, integrate over
long time spans, thus may be more reflective of
historical movement. If this is the case, there is
support for higher historical gene flow.

This still leaves us asking if the current, low Fst is
solely a reflection of high historical gene flow or
contemporary gene flow?This question is difficult to
answer. However, while we cannot rule out that our
datamay be due to shared common ancestry, we can
support the contention that our Fst values were
driven by gene flow by examining field data. First,
there is considerable historical documentation (e.g.,
Meriam 1902) of kit foxes occurring throughout the
San Joaquin valley and its surrounding lands (US
Fish andWildlife Services 1998), indicating that the
fox distribution in the San Joaquin Valley is not a
result of recent expansion of their geographic range.
Therefore, foxes have been present in the San Joa-
quin valley and surrounding areas for aminimumof
100 years, or 25–50 fox generations. Wright’s
(1969), and Nei and Chakravarti’s (1977) deter-
ministic equation [Fst ¼ 1)(1)1/(2Ne))

t] shows that
Fst increases over time (t) as a function of effective
population size (Ne); the smaller the Ne, the more
rapid the increase. Thus, for Fst to be maintained at
0.04 after 25 fox generations would require sub-
populations with Ne greater than 300 each, or
approximately 1500–3000 foxes per subpopulation
(Frankham 1995). Cypher et al. (2000) estimated
the abundance of kit fox in the NPRC (the largest
kit fox population) to fluctuate between 46 and 363
foxes over 15 years. Therefore, unless fox popula-
tions were nearly 10-fold larger until very recently,
migration must be an important factor in the par-
titioning of genetic variation in kit fox populations.
It is highly unlikely that kit for were 10-fold larger
until recently given that the impacts to the San
Joaquin valley have been occurring for the majority
of the last century starting with the California State
Water projects occurring during the mid-1930s.
However, this logic assumes a stable population
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structure such that the population sizes observed by
Cypher et al. (2000) were similar to historical esti-
mates. Population stability may be a valid
assumption through the 1850s, but may be unjus-
tified after the large anthropogenic changes in the
San Joaquin Valley during the middle of the 19th
century. During the time of the Cypher et al. (2002)
study (approximately 5 kit fox generations) in the
NPRC we would expect a completely isolated
population to have an Fst greater than 0.07 – higher
than we observed. Therefore Nm estimates cannot
be solely reflective of shared common ancestry.

This conclusion of gene flow being currently
important in kit fox population dynamics is most
important for understanding populations like
Camp Roberts. Camp Roberts has seen a marked
decline in kit fox since the time of sampling,
potentially attributable to both a rabies outbreak
and an increase in interference competition with
coyotes (White et al. 2000). Continuing habitat
conversion in the Camp Roberts region has limited
opportunities for immigration into this popula-
tion. Indeed, recent data suggest that this popu-
lation is either extinct or on the verge of extinction
(J. Eliason, personal communication).

These data suggest that at least some kit fox
populations are currently in the early stages of
becoming isolated. From the field data we know of
several individual tagged foxes moving between
population centers in recent years: for example,
NPRC to Bakersfield, the Carrizo Plain and Camp
Roberts; and Camp Roberts to the Carrizo. Thus,
gene flow may still be occurring between some kit
fox population centers. Furthermore, recent sur-
veys using trained scent dogs to find kit fox scats
(Smith et al. 2001; Smith et al. In Press) have shown
that kit foxes occasionally occur in suitable habitat
between known major population centers such as
the NPRC and the Lokern (D. Smith and K. Ralls,
unpublished data). With the continuing habitat
degradation and loss in the San Joaquin Valley,
isolation of some kit fox populations is a highly
probable outcome. Of the populations sampled for
this study, the Los Baños and Camp Robert areas
are at extreme risk of becoming isolated from
other kit fox populations. The Bakersfield popu-
lation also is at risk of becoming isolated from the
other populations included in this study.

We recommend that population and genetic
monitoring programs be established that track
changes in the genetic variability and gene flow of

kit fox in the San Joaquin Valley. With the recent
development of non-invasive genetic sampling
techniques (Smith et al. 2001) these monitoring ef-
forts can be conducted without the major expenses
of trapping studies and will provide important data
on changes in kit fox genetics and demography.
These types of efforts will also help detect unknown
populations, if they exist, or at least help quantify
individual foxes thatmay reside, andpossibly breed,
in the interstitial spaces between known popula-
tions. We also advocate the continuation of demo-
graphic studies such as Cypher et al. (2000) because
it is only through the synergy obtained by combin-
ing of genetics, demography, andmonitoring efforts
that we can fully understand the population
dynamics of this species and develop successful
conservation strategies.
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